Abstract. The automatic recognition of layer paths in the ionogram can get the key parameters of ionogram which are very important and necessary to the research of space exploration. This paper describes a new automatic recognition method and its application to automatically recognize layer paths from ionogram based on morphological operator and inversion technology. This method is verified through the comparison of actual detecting data with statistical analysis. Results show more than 90% automatic recognition results accord with the people analysis. This automatic recognition method has high acceptable rate and is suitable for recognition ionogram with different high angle wave states. It can accurately recognize the parameters in the ionogram with a fast and precise approach. This method meets the real-time requirements of ionosphere sounding detection in practice.
Introduction
Detection of ionosphere with short wave can obtain the ionogram, which describes the relation between radio wave propagation lag and frequency [1] . People extract parameters related to ionosphere from ionogram, such as group path and frequency, which truly reflect the state of ionosphere, and the process of extracting the feature parameters is called recognition [2] [3] [4] [5] . Recognition of ionograms initially relies on the manual operation performed by experienced workers. This method provides more accurate results, but it is hard to meet real-time requirements [6] [7] [8] . Therefore, researchers make great efforts to realize the real-time automatic recognition of vertical ionogram.
However, some existing automatic recognition methods of vertical ionogram cannot be directly applied in the ionogram. Because there are big differences between vertical ionogram and ionogram, concrete embodiment in the F2 layer paths of ionogram consist of low angle wave, high angle wave and the O-mode echoes in the low angle part overlaps with the X-mode echoes. Up to date, the public references about ionogram automatic recognition are few. Redding (1996) [9] used several steps to complete the ionogram automatic recognition. These steps include filtering noise, refining paths, model fitting and merging paths. The described method in Ref. [9] is only suitable for the ionogram with one high angle wave. Fan et al. [10] used morphological operators in digital image processing method to identify E layer path, O-mode path and X-mode path from F2 layer. Even though some progress has been made in recent years in automatic recognition for ionogram, how to improve the reliability and accuracy of the data is still a big challenge and waiting for us to further research.
Morphological operator has been widely used to analyze some vertical ionograms [11] . Genetic algorithm (GA) is an optimized method based on simulated annealing algorithm (SA). It has a strong global search and local search ability [12] . Aiming at the problems existing in automatic recognition method, such as the weak versatility and large amount of calculation, we propose a new automatic recognition method by integrating a morphological operator and the hybrid genetic algorithm (HGA) in this paper.
Automatic Recognition Method
In order to describe automatic recognition method clearly, we divide it into two parts. One is the pre-process of ionogram shown in the left of Figure 1 . Another is the process of path extraction shown in the right of Figure 1 . The whole framework of the method is shown in Figure 1 . 
The Pre-process of Ionogram
Echo signals in the ionogram are mixed with three kinds of noise, as shown in Figure 2 (a). In order to ensure the accuracy of F2 layer paths extraction, it is necessary to remove noise at the first. In the pre-process of ionogram, we take a connected component (CCA) method, which is used to eliminate scatter noise by adopting dilation in morphological operator [11] . The ionogram without noise is shown in Figure 2 (b).
The core of automatic recognition is path extraction, which directly affects the accuracy of automatic recognition results, while the existence of E (Es) layer echoes in the ionogram seriously affects the accuracy of the extraction of F2 layer paths. Therefore, it is necessary to remove E (Es) layer echoes before extracting path. E (Es) layer usually appears in the distance of 110 km above the ground and it is relatively stable. It can be removed by calculating the appeared positions in the ionogram, which is based on the ground distance between receiver and transmitter. The ionogram after eliminating E (Es) layer is shown in Figure 2 (c).
The Process of Path Extraction
In order to accurately extract the path features of the F2 layer, it is necessary to thinning the ionogram after dilating [13] . The ionogram after thinning operation is shown in Figure 2 (d). Some points Pi (fi, pi) (i =1, 2, 3, etc.) are obtained as the original input data of inversion algorithm in the thinning path. Pi is the corresponding observed group path at the detection frequency fi. Because only O-mode path is needed, the data of X-mode path should be removed before picking points.
The low angle echo of O-mode path and X-mode path in the ionogram is nearly at the same position in the ionogram. Otherwise, the high angle echo of O-mode path is in front of X-mode's, i.e., the lines in Figure 2 (d) . Therefore, we can use this feature to distinguish the O-mode echo and X-mode echo. They are by comparing the frequencies of them in the same group path. The echoes with smaller frequencies are from O-mode path, and others are from X-mode path. The white "*" on O-mode path are the selected input points, shown in Figure 2 (e).
When putting the selected points into the inversion algorithm, we can obtain the fitting path of F2 layer O-mode path. The common inversion algorithms include iteration algorithm (IA) [14] , Genetic algorithm (GA) [15] and simulated annealing algorithm (SA) [16] , etc. According to our previous study, HGA is better than GA and SA on optimizing ability and stability [12] . By fitting path, the minimum group path of F2 layer (p'F 2 ) and the maximum usable frequency of F2 layer (F 2MUF ) can be obtained, which is shown in Figure 2 (f).
Application and Discussion

Ionogram Data
In In order to show path fitting results clearly, we use the method automatically recognize three typical ionograms from the 41 ionograms. There are 49 ionograms in this experiment, 8 of which are without echo signal. Therefore, 41 ionograms are suitable for automatic recognition. The three ionograms with different high angle wave states are presented in Figure 3 , which are obtained at 12:00 LT, 14:00 LT, 15:00 LT on August 24, 2010, respectively. Figure 3 (a) has not high angle wave or the high angle wave has not been developed yet. Figure 3 (b) only has a single high angle wave, and it is taken as O-mode path. Figure 3 (c) has two high angle waves which are developed very well.
Application Results and Discussion
Their path fitting results of the three ionograms in Figure 3 Table 1 . The manual recognition results are taken as reference values. The range of the tolerated deviation is ±3, which is the normal resolution of ionogram. The tolerated deviation is smaller than that of the ±5 in International Union of Radio Science (URSI). The accuracy of the automatic recognition results are confirmed when the F 2MUF error of Auto and Manual is within 0.2 MHz and the p'F 2 error is within 12.5 km, and acceptable when the F 2MUF error is within 0.6 MHz and the p'F 2 error is within 38 km. Otherwise, the automatic recognition results are not correct.
In Table 1 , the F 2MUF errors of three ionograms are 0.2, 0.2 MHz and 0.0 MHz, respectively. They are all within 0.2 MHz, which indicates that the automatic recognition results of F 2MUF are accurate. The errors of p'F 2 of three ionograms are 7.5, 26.25 km and 17.5 km, respectively. They are all within 38 km, which indicates that the automatic recognition results of p'F 2 are acceptable. Figure 3 (d), Figure 3 (e) and Figure 3 (f) present the path fitting results of three different high angle wave state ionograms by using automatic recognition method described above. It shows that the red lines are in good agreement with the true O-mode paths. The above results show that the proposed automatic recognition method can make full use of the ionogram data, and it is not only suitable for ionograms with different high angle wave state, but also able to fit F2 layer path in a fast and accurate way.
We The accept rates of F 2MUF and p'F 2 are 95.1% and 92.7%, respectively, which indicates that the described automatic recognition method has high acceptable rate. And the execution time of this method is usually less than 30 s while the other detection interval of ionogram is more than 15 min. It saves much time.
However, the method is not suitable for the ionograms obtained during sunrise and sunset when ionosphere changes rapidly. In addition, the proposed method can only be used to recognize F2 layer in ionogram. Actually, F1 layer and E(Es) layer also exist in the ionogram. Therefore, to develop a method for the automatic recognition of F2 layer, F1 layer and E(Es) layer at the same time is the work to be done in the future.
Conclusion
This paper applies an automatic recognition method to recognize ionogram based on a morphological operator and the hybrid genetic algorithm. This method includes ionogram preprocess and path extraction, and is used in application engineering. In order to verify the accuracy of this automatic recognition method, we use this method to automatically recognize some actual ionograms obtained on August 24-26, 2010. By comparing the automatic recognition method with the manual recognition method, we have obtained some important conclusions from the above results. This automatic recognition method is able to separate out O-mode path and X-mode path accurately. And the acceptable rates of F 2MUF and p'F 2 are 95.1% and 92.7%, respectively. It indicates that the accuracy and reliability of this method are high. The method can fully satisfy the need of real-time measurement and can apply in actual engineering and scientific experiments.
